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The 4880% lin e  o f  an argon ion la ser  was used for  e x c ita t io n
to  study Raman sc a tte r in g  in  ic e  Ih and liq u id  Ĥ O. Stokes as w ell
as a n ti-S to k es frequency s h i f t s  were observed in  ic e  Ih. The
-1  -1stro n g est bands were observed at approxim ately - 212 cm , + 212 cm ,
- 50 cm  ̂ j + 50 cm  ̂ and 3200 cm  ̂ in  ic e  Ih and 3400 cm  ̂ in liq u id  H2 O 
Weaker bands, both Stokes and a n ti-S to k e s , were observed c lo se r  than
- I
± 50 cm from the pump l in e .  The r a t io  o f  Stokes to  an ti-S to k es  
in te n s ity  for the 212 cm  ̂ band in  ic e  Ih was experim entally  determined 
as a function  o f  temperature in  the range - 3°C to  - 50°C. In order to  
obtain  a value for the to t a l  d if f e r e n t ia l  sc a tte r in g  cross sec tio n s  o f  
th ese  l in e s  a comparison was made between the sc a tte r in g  in t e n s i t ie s  
o f  benzene and liq u id  H2 O and then between liq u id  H2 O and ic e  Ih. Work 
done by other researchers has y ie ld ed  a peak d if f e r e n t ia l  Raman 
sca tter in g  cross sec tio n  for  the 992 cm  ̂ benzene l in e  which was used 












2 THEORY OF RAMAN SCATTERING
2.0  C la ss ic a l Theory 3
2.1  Quantum Theory 6
2 .2  R elation  o f  IR Spectra to  Raman Spectra 10
2 .3  D e fin it io n  o f  S ca tter in g  Cross S ection  11
3 STRUCTURE AND SPECTROSCOPIC PROPERTIES OF ICE Ih
3 .0  Structure 12
3.1 Spectroscopic P roperties 15
4 EXPERIMENTAL ARRANGEMENT
4 .0  Laser 17
4 .1  S ca tter in g  C ells  and Cooler 18
4 .2  Spectrometer 21
4 .3  P h o to e lec tr ic  D etector and E lectro n ics  24
4 .4  System as a Whole 24
5 EXPERIMENTAL RESULTS
5 .0  Laser Output Power S t a b i l i t y  Measurements 27
ins Made f] 
in  Ice Ih





5 .2  Ice Ih Stokes to  A nti-Stokes In te n s ity  Ratio 29
Versus Temperature for  ± 212 cm  ̂ Bands
5 .3  R ela tive  S ca tter in g  Cross Section  Measurements 35
5 .3 .1  Band R atio: Ice  Ih (212 cm "^)/(-212 cm'^) 36
5 .3 .2  Band Ratio: Ice  Ih (+212 cm ^ )/
(2800 cm"  ̂ to  3700 cm" )̂
5 .3 .3  Band Ratio: (Ice  Ih at 3200 cm~^)/
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S ection  1 INTRODUCTION
The sc a tte r in g  o f rad ia tion  by s o l id s ,  liq u id s  and gases has 
been the su b ject o f much research . S ca tter in g  can be d ivided in to  
two domains depending on the s iz e  o f the s c a t te r e r  and the wave­
length o f the rad ia tion  being sca tter e d . When the s c a tte r e r  s iz e  
i s  comparable to  the wavelength the sc a tte r in g  i s  termed Mie s c a t te r ­
in g . An example o f Mie sc a tte r in g  i s  the sc a tte r in g  from aeroso ls  
which i s  obvious over most large c i t i e s .  For wavelengths which are 
much larger  than the s iz e  o f the s c a tte r e r  other sc a tte r in g  p rocesses  
take p la c e . The most w e ll known in  th is  domain i s  Rayleigh s c a t t e r ­
in g , which i s  resp on sib le  fo r  the apparent co lo r  o f the sky.
Another sc a tte r in g  phenomenon which occurs in  the Rayleigh  
s c a tte r in g  domain i s  the Raman e f f e c t  d iscovered  in  1928 by C. V. 
Raman. Raman sc a tte r in g  although re la ted  to  Rayleigh s c a t te r in g , as 
w i l l  be shown in  sec tio n  2 , i s  a much weaker e f f e c t .  The c h ie f  
d is t in c t io n  between Raman and Rayleigh s c a t te r in g , n eg lec t in g  in t ­
e n s ity , i s  that Rayleigh s c a tte r in g  causes no frequency s h i f t  o f  
the sca tter e d  rad ia tion  whereas Raman sc a tte r in g  does. The great 
in te r e s t  in  the Raman e f f e c t  was due to  the fa c t  th at the change 
in  frequency was found not to  be a random s h i f t  but d e f in ite  
quantized s h i f t  or s h i f t s  c h a r a c te r is t ic  o f the s c a tte r e r . These 
d e f in ite  frequency s h i f t s  can be d ir e c t ly  re la ted  to  the p o s s ib le  
energy le v e ls  o f  the s c a t te r e r  and th e ir  d if fe r e n c e s .
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One o f  the substances in  which the Raman e f f e c t  was f i r s t  
ex h ib ited  was Ĥ O ( ic e  and liq u id  p h a ses), (Raman, 1928). S in ce 1928 
much work has been done on the Raman e f f e c t  in  ic e  and liq u id  H^O, 
but th is  work has always been lim ited  u n t il  recent years by the lack  
o f high in te n s ity  l ig h t  so u rces , and spectrom eters which e lim in ate  
sca tter in g  from in ten se  l in e s  which would otherw ise obscure weaker 
c lo se - ly in g  lin e s  o f  in t e r e s t .  P resen tly  spectrom eters can reso lv e  
low in te n s ity  lin e s  very c lo se  to  the pump frequency and high powered 
la ser s  can provide ra d ia tion  whose sp ec tra l b righ tn ess i s  orders o f  
magnitude greater  than th at obtainable w ith previous l ig h t  sou rces.
In the work described in  th is  paper, a 2 Watt argon ion la se r  i s  used  
in  conjunction w ith  a double spectrom eter to  study Stokes as w e ll as 
an ti-S tok es Raman sca tter in g  in  ic e  Ih (hexagonal form o f  ic e  I ) ,  
and Stokes Raman sc a tte r in g  in  liq u id  HgO.
The impetus fo r  th is  study l i e s  in  the unique a p p lica tio n s  o f  
Raman sc a tte r in g  to  the remote sen sin g  o f the atmosphere. I t  w i l l  
be shown th a t the r a tio  o f  Stokes to  an ti-S tok es in t e n s i t ie s  can 
p o ss ib ly  be used to  measure the temperature o f  a remote ic e  cloud.
I t  w i l l  be shown th a t the Raman return can be used to  determine 
the r a t io  o f ic e  to  liq u id  Ĥ O in  clouds using an a ir-borne or 
ground-based Lidar ( la s e r  radar) system . Some q u a n tita tiv e  values  
fo r  Raman sca tter in g  cross se c tio n s  o f ic e  Ih and liq u id  Ĥ O w i l l  
be g iven . These cross se c t io n s  are a l l  r e la t iv e  to  a known standard  
(benzene) fo r  which a peak d if f e r e n t ia l  Raman sc a tte r in g  cross
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sec tio n  measurement has been made by Skinner and N ilsen  (1968).
This paper has been organized so th at the reader i s  f i r s t  
fa m ilia r ize d  w ith the Raman e f f e c t  (se c tio n  2) and the sp ectra l 
p ro p erties  o f ic e  Ih (se c t io n  3) before being confronted by the 
experim ental arrangement (se c tio n  4) and the r e su lts  (se c tio n  5 ).
A short d iscu ssio n  o f the experim ental r e s u lt s  i s  given in  sec tio n  
6 which i s  fo llow ed  by the p o ss ib le  a p p lica tio n s o f  th ese  r e su lts  
to  remote sen sin g  (se c tio n  7 ).
S ection  2 THEORY OF RAMAN AND RAYLEIGH SCATTERING
2 .0  C la ss ic a l Theory (Herzberg, 1950)
When a photon w ith wavelength larger  than the dimensions o f  an 
atomic or m olecular system in te r a c ts  w ith th a t system the photon 
i s  e ith e r  absorbed or sca tter e d . A combination a b so rp tio n -sca tter in g  
can a lso  occur and is  u su a lly  ju s t  termed s c a t te r in g .
A photon can be sca ttered  e la s t i c a l ly  or in e la s t ic a l ly .
When e la s t i c  sc a tte r in g  occurs the energy o f  the photon i s  conserved  
and there i s  no change in  the e le c tr o n ic , v ib r a t io n a l, or r o ta tio n a l  
energy o f  the atom or m olecule which caused the s c a tte r in g . This 
i s  ca lled .R ayle igh - sc a tte r in g  and i s  in  general orders o f magnitude
more in ten se  than in e la s t ic  s c a tte r in g .
The in te n s ity  o f  Rayleigh sc a tte r in g  i s  in v e r se ly  p roportion al
4
to  X . This wavelength dependence i s  resp on sib le  fo r  the sky being
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b lu e , at high sun a n g les , and reddish at su n rise  and su n set. Rayleigh  
sc a tte r in g  can be p a r t ia l ly  understood c la s s ic a l ly  by assuming the  
s c a tte r e r  to  be an e le c t r ic  d ip o le  absorbing from a rap id ly  varying  
e le c t r ic  f i e ld  and rerad ia tin g  at the same frequency. This p ic tu r e ,  
although a sim ple one, i s  accurate fo r  Rayleigh sc a tte r in g  and 
exp la in s the plane p o la r iz a tio n  o f  l ig h t  sca tter e d  in  th is  manner 
s in ce  the d ip o le  s c a t te r s  in  d irec tio n s  normal to  i t s  a x is . The 
dip ole  moment P i s  proportion al to  Î ,  the e le c t r ic  f i e ld  ap p lied , 
through the constant o f  p ro p o r tio n a lity  a , the p o la r iz a b i l i t y .
-»■
P = cxE
The e le c t r ic  f i e l d  E can be expressed as
E = E s in  wt o
where w  = 2 ttv  and v i s  the frequency o f  the in c id en t photon. When 
a i s  constant the sca tter e d  rad ia tion  has the same frequency as 
the in c id en t ra d ia tio n  s in ce
—y
P = oE s in  wt o
In order to  exp la in  in e la s t ic  sc a tte r in g  c la s s i c a l ly ,  one must 
consider a p o la r iz a b il i ty  a '  which v a r ies  w ith an angular frequency
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0 )" as below.
Here a i s  the average p o la r iz a b il i ty  and is  the maximum change 
in  p o la r iz a b i l i ty .  When a '  and E are su b stitu ted  in to  the r e la t io n  
fo r  the d ip o le
P = oE s in  0 )t + a E s in  w tsin w t
O 0 0
Using the trigonom etric  id e n t ity
cos (wt ± w^t) = cos wtcos w^t + s in  w tsin w'̂ t
the fo llo w in g  r e la t io n s  are obtained.
s in  w tsin  w^t = cos (wt - w^t) - cos wtcos w^t
s in  w tsin  w^t = - cos (wt + w^t) + cos wtcos w^t
From the two r e la t io n s  above i t  can be seen that
s in  wt s in  w^t = (cos (wt - w^t) - cos (wt+w^t))/2
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Therefore P = oE s in  wt + a E (cos (wt - w^t) - cos (wt + w ^ t))/2O 0 0
The f i r s t  term on the r ig h t o f th is  r e la t io n  i s  dependent on w 
and thus corresponds to  Rayleigh s c a tte r in g . The second term has two 
frequency dependences, namely (w - w'') and (w + w^). The frequency 
w  ̂ can be a frequency o f  v ib r a tio n , r o ta tio n , v ib r a tio n -r o ta tio n , or 
any other p er io d ic  change in  p o la r iz a b il i ty .  The two s h if t e d  f r e ­
quencies (w - w3 and (w + w )̂ are due to  in e la s t ic  sc a tte r in g  which 
i s  termed the Raman e f f e c t  a fte r  C. V. Raman. The frequency (w - w )̂
i s  a stok es s h i f t ,  whereas (w + w 3 i s  an a n ti-s to k e s  s h i f t .  Since  
Rayleigh sca tter in g  i s  much stronger than Raman sc a tte r in g  a in  general 
i s  much larger than a^.
I t  can be seen from the previous d iscu ssio n  th a t Rayleigh and 
Raman sc a tte r in g  can be accounted fo r  q u a lita t iv e ly  using c la s s ic a l  
th eory, but in  order to  exp la in  the in t e n s i t ie s  o f the Raman l in e s ,  
r e la t iv e  to  one another, quantum mechanical consid eration s must be 
made.
2 .1  Quantum Theory
For atoms and m olecules d e f in ite  quantum mechanical s ta te s  
e x i s t ,  each o f  which corresponds to  a d e f in ite  energy o f  the system . 
This i s  to  say th a t although c la s s ic a l ly  the system can have any 
energy, quantum m echanically only d isc r e te  energy le v e ls  e x i s t .
As s ta te d  p r e v io u s ly , e la s t i c  s c a tte r in g  does not change the quantum
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s ta te  o f  an atom or m olecule but in e la s t ic  s c a tte r in g  does. This 
change in  s ta te  along w ith the corresponding change in  energy makes 
i t  p o ss ib le  to  study th ese  quantum s ta te s  by observing the in e la s t ic  
s c a tte r in g  spectrum o f  an atom or m olecule. The Raman frequency 
s h i f t s  from the in c id en t ra d ia tio n  can most e a s i ly  be understood by 
considering a h y p o th etica l atom or m olecule w ith only two energy 
le v e l s ,  and E^, as shown in  Figure 2.1 ,





A nti-Stokes  
RamanRayleigh
Type o f  
S ca tter in g
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The dashed h o r izo n ta l l in e s  correspond to  v ir tu a l energy s t a t e s ,  
and the dashed v e r t ic a l  l in e s  represent photons in c id en t on the system  
or sca ttered  by i t .  The s o l id  v e r t ic a l  l in e s  represent the energy 
given to  or taken away from the photon. When a photon o f energy fiw i s  
sca ttered  from th is  system i t  w i l l  hâve unchanged frequency
(R ayleigh sca tter in g ) or w i l l  have a frequency s h i f t  corresponding to  
a change o f  energy o f the system . The Stokes Raman sc a tte r in g  
corresponds to  a decrease in  energy o f the photon by an amount 
and an ti-S tok es to an in crease  o f  E  ̂ - E^. I f  the system i s  in  the  
iq)per energy le v e l  E  ̂ then an ti-S tok es Raman sc a tte r in g  can take 
p la c e , but i f  i t  i s  in  the lower le v e l E  ̂ only Stokes Raman s c a t te r ­
ing can occur.
From th is  a n a lysis  the r e la t iv e  in t e n s i t ie s  o f the Stokes and 
a n ti-S tok es l in e s  can be determined from the populations o f  the two 
s t a t e s .  Assume th a t there are N atoms or m olecules in  the hypo­
th e t ic a l  system , and th at at any in sta n t N = where i s  the
number in  s ta te  0 and N^, i s  the number in  s ta te  1. I f  the assumption 
i s  made th at sc a tte r in g  i s  equ ally  probable fo r  s ta te  0 and s ta te  1 
p a r t ic le s  then the p r o b a b ility  fo r  Stokes sc a tte r in g  i s  proportion al 
to  N^/N and fo r  an ti-S tok es s c a tte r in g  i s  proportional to  N^/N.
The r a t io  o f in t e n s i t ie s  i s  seen to  be
I NSTOKES _ \
^ANTI-STOKES ^1
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I f  one does not assume equal p ro b a b ility  fo r  sc a tte r in g  from s ta te  
0 and s ta te  1 then the r a tio  must be w ritten
^STOKES _ Npfso
^ANTI-STOKES ^ l^ s l
where p^^ i s  the p ro b a b ility  fo r  Raman sca tter in g  from s ta te  o and 
Pg  ̂ th at from s ta te  1 fo r  in d iv id u a l p a r t ic le s .
The r e la t iv e  populations o f  N  ̂ and N̂  are a ffec te d  by temperature 
s in ce  the lower energy s ta te s  o f  a system  u su a lly  have greater  
populations than the upper energy le v e ls  due to  Boltzmann type d is ­
tr ib u tio n s  w ith in  the quantized system . As the energy separations  
between le v e ls  w ith in  a system g et sm all r e la t iv e  to  kT (k = Boltzmann 
con stan t, T E absolute tem perature), the r e la t iv e  populations o f th ese  
s ta te s  p lo t te d  versus th e ir  energy w i l l  be s im ila r  (fo r  sim ple system s) 
to  a Boltzmann d is tr ib u tio n  curve. An example o f a system  fo r  which 
th is  Boltzmann type d is tr ib u tio n  argument can be applied  i s  a diatom ic  
m olecule. I t  i s  accurate in  p red ic tin g  the r e la t iv e  in t e n s i t ie s  o f  
S tok e-an ti-S tok es Raman sca tter in g  in vo lv in g  v ib r a tio n a l le v e ls  o f  
the m olecule. This type o f a n a ly sis  u su a lly  f a i l s  in  the s o l id  and 
liq u id  phases due to  in ter a c tio n s  between m olecu les.
The preceding quantum mechanical d iscu ssio n  o f Raman sc a tte r in g  
although elem entary and not rigorous from a mathematical standpoint 
brings out the u t i l i t y  in  using the Raman e f f e c t  to  study atom ic.
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m olecular or c ry s ta l la t t i c e  s tru c tu re . I t  provides inform ation  
concerning the energy le v e ls  o f  a substance and a lso  the r e la t iv e  
populations o f  p a r t ic le s  in  th ese  le v e ls .
The major drawback in  using the Raman e f f e c t  to  study substances  
i s  th at the Raman s h if te d  l in e s  are much weaker than the Rayleigh  
s c a t te r in g . This can be a major o b stac le  when try in g  to  observe 
sm all Raman s h i f t s ,  which g ive  l in e s  very c lo se  to  the pumping f r e ­
quency and are thus buried  in  the Rayleigh s c a t te r in g . Although the  
Raman e f f e c t  was d iscovered over fo r ty  years ago, the in te n s ity  
problem has lim ited  i t s  u se . With the advent o f the la s e r , which 
provides an in ten se  monochromatic source o f l ig h t ,  an in crease  o f  
in te r e s t  in  the Raman e f f e c t  has occurred in  the la s t  decade.
2 .2  R elation  o f IR Spectra to  Raman Spectra
From the previous quantum mechanical d escr ip tio n  o f the Raman 
e f f e c t ,  i t  can be seen th at systems which have an absorption and/or 
an em ission spectrum w i l l  in  general a lso  e x h ib it  a Raman spectrum.
As an example, consider a m olecule which has an in fra -red  absorption  
at 500 cm ^. This says th a t there e x is t s  w ith in  the m olecule two 
energy l e v e l s ,  one o f which i s  u su a lly  the ground s t a t e ,  which are 
separated by an energy o f 500 cm ^. When the m olecule sc a tte r s  photons 
o f energy N cm the photons undergoing Raman sc a tte r in g  w i l l  be 
s h if t e d  e ith e r  up or down in  energy by 500 cm Thus, by observing  
Raman s h i f t s  one can in fe r  the absorption or em ission spectrum o f  a
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system  and v ic e  versa . In th is  work the Raman bands which are 
observed in  ic e  and water correspond to  in fra -red  absorption bands.
2 .3  D e fin it io n  o f S ca tter in g  Cross Section
When a beam o f  l ig h t  i s  sca ttered  by a substance the in te n s ity  o f  
the sca tter e d  l ig h t  i s  proportion al to  the in te n s ity  o f  the beam 
through a constant o f p ro p o rtio n a lity  which i s  referred  to  as the  
s c a tte r in g  cross s e c t io n . The d if f e r e n t ia l  sc a tte r in g  cross se c t io n  
da i s  dependent on wavenumber, s o l id  angle o f sc a tte r in g  and plane o f  
p o la r iz a t io n . I t  i s  given by:
I da = power sca ttered  to  an angular p o s it io n  ( 6 ,  4))
° sterad ian -m olecu le-u n it wavenumber
by Skinner and N ilsen  (1968) , where
I^ i s  the in te n s ity  of the in c id en t beam. The to t a l  d if f e r e n t ia l  
s c a tte r in g  cross sec tio n  can be obtained by in teg ra tin g  the d if fe r e n ­
t i a l  cross se c t io n  over the Raman lin e  o f in te r e s t .  In turn the  
t o t a l  cross se c t io n  i s  obtained by in teg ra tin g  the to ta l  d i f f e r e n t ia l  
cross se c t io n  over a l l  space.
In th is  work the quantity  o f prime in te r e s t  i s  the to t a l  d i f f e r ­
e n t ia l  Raman sca tter in g  cross s e c t io n . I t  i s  important because the  
to ta l  number o f photons per u n it time sca ttered  in  a cer ta in  d ir e c ­
tio n  from a la se r  beam o f a g iven  power can be obtained from i t .
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S ection  3 STRUCTURE AND SPECTROSCOPIC PROPERTIES OF ICE Ih
3 .0  Structure
The water m olecule in  the vapor s ta te  i s  r e la t iv e ly  is o la te d  and 
i s  fr ee  o f in term olecu lar bonds. In th is  s ta te  the s im p lest way to  
v is u a liz e  the m olecule i s  to  construct a cube and put the oxygen atom 
near the cen ter o f the cube and the two hydrogen atoms at opposing 
com ers o f  one o f the fa ces  as shown in  Figure 3 .1  which was redrawn 
from L. K. Runnels (1966). The shaded areas represent e lec tro n  clouds
Figure 3 .1  Ĥ O Molecule
and form four arm -like exten sion s from the oxygen n u cleu s. The number 
o f e lec tro n s  in  the cloud i s  n e c e s sa r ily  te n , two o f which are con­
tr ib u ted  by the hydrogen atoms and thus form the arms extending from
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the nucleus to  the hydrogen atoms. Two more e lec tro n s  are in c lo se  prox­
im ity  to  the oxygen nucleus and th is  leaves four e lec tro n s  which form 
the other two arms which extend toward com ers o f the cube as shown in  
Figure 3 .1  . The e lec tro n s  which form each o f the oxygen-hydrogen bonds 
(0-H bonds) are one 2p e lec tro n  from the oxygen atom and the Is e lec tro n  
o f  each hydrogen atom. The two c lo s e s t  e lec tro n s  to  the oxygen atom are 
2s e lec tro n s  and those forming the remaining arms are 2p e lec tro n s  
(E isenberg and Kauzmann, 1969).
When water m olecules condense from th e vapor to  liq u id  s t a t e ,  the 
n eg a tiv e  arms which extend from the oxygen nucleus form bonds w ith hy­
drogen atoms o f other water m olecu les. This type o f bonding i s  termed 
hydrogen bonding and has been the su b ject o f great stud y, s in c e  i t  is  
so important to  the understanding o f organic chem istry.
The hydrogen bonding in  liq u id  water i s  not strong enough to  over­
come motions due to  the thermal energy o f  the m olecules and thus the  
bonds are co n tin u a lly  breaking and reform ing. As the thermal energy i s  
decreased to  the freez in g  p o in t , the hydrogen bonds have enough stren gth  
to  overcome th ese thermal motions and the m olecules form a s o l id ,  name­
ly  ic e .
Ice  can e x is t  in  ten d if fe r e n t  phases depending on i t s  pressure  
and temperature (J . E. B e r t ie , 1968). Figure 3 .2  i s  redrawn from 
J . E. B ertie  (1968) and shows seven o f  the ten  known phases.
There are a c tu a lly  two types o f ic e  1. One has a hexagonal l a t t i c e  
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Figure 3 .2  Phases o f Ice
and i s  designated  ic e  I c . Ice  Ih i s  the n a tu ra lly  occurring form o f  ic e  
and i t s  hexagonal stru ctu re  i s  most dram atically  ex h ib ited  to  us in  the 
shape o f  snow flakes.
In a l l  o f  th is  work, ic e  Ih was used e x c lu s iv e ly  and thus what 
fo llo w s in  th is  s ec tio n  w i l l  be r e s tr ic te d  to  th is  form.
The hexagonal stru ctu re  o f  ic e  Ih was proposed by W. H. Bragg 
(1922) and has been e x te n s iv e ly  stu d ied  by x -ra y , e lec tro n  and neutron  
d if fr a c t io n . These techniques have only been su c ce ssfu l in  determ ining  
th a t the oxygen la t t ic e -s tr u c tu r e  o f ic e  Ih i s  hexagonal but have f a i l ­
ed to  lo ca te  the p o s it io n s  o f the hydrogen atoms. The hexagonal la t t i c e  
o f  ic e  Ih i s  an open stru ctu re  in th at there i s  empty space between
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m olecules and thus the d en sity  o f  ic e  Ih i s  le s s  than the liq u id  phase.
3.1 Spectroscop ic P roperties
The spectrum o f ic e  Ih (in fra -red  and Raman) has been stu d ied  from 
20cm  ̂ to  above 4000cm The bands which appear in  th is  region can be 
c la s s i f i e d  as to  the probable type of m olecular motion which i s  r e s ­
pon sib le  fo r  them (Eisenberg and Kauzmann, 1969). The fo llow in g  tab le  
l i s t s  the bands and th e ir  a sso c ia ted  m olecular motion. The bands are not 
a l l  l i s t e d  but the sp ec tra l region in  which they occur i s  in d ic a tiv e  o f  
the m olecular motion involved .
Band-center (cm )̂ Type o f M olecular Motion
'v 50 interm ole cu lar v ib ra tio n
212  »' "
n, 1000 lib r a t io n s  (O s c illa t in g  rotary
motion)
1650 m olecular v ib ra tio n s
'V 2300 p o ss ib le  harmonics o f  l ib r a t io n a l
and tr a n s la tio n a l modes
3200 0-H s tre tch in g
> 4000 Harmonics o f above motions
Table 3 .1  Band D esignations in  Ice  Ih
The d i f f ic u l t y  a sso c ia ted  w ith doing a rigorous a n a ly sis  o f th e  
spectrum of ic e  i s  th at the normal modes o f v ib ra tion  o f  ic e  are un­
known, and in  order to  make the assignment o f  m olecular motion as
in  Table 3 .1 , a f te r  E isenberg and Kauzmann, (1969), a comparison
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w ith the w e ll understood v ib r a tio n a l spectrum o f water vapor was made.
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S ection  4 EXPERIMENTAL ARRANGEMENT
The experim ental system c o n s is ts  o f four b a s ic  components, namely: 
argon ion la s e r , sc a tte r in g  c e l l ,  spectrom eter and p h o to e le c tr ic  de­
te c to r  w ith e le c tr o n ic s . These components w i l l  be d iscussed  below sep­
a ra te ly  and then as a complete system .
4 .0  Laser
The la s e r  used in  th is  work i s  a commercial argon ion la s e r  (Model 
500) purchased from Carson Laboratories Inc. o f B r is to l ,  C onnecticut.
The o p t ic a l ca v ity  o f the la se r  i s  approximately 1 .5  meters long and 
the a c tiv e  discharge i s  about 75cm long. The ends o f  the discharge tube 
are sea led  w ith Brewster windows which are at an angle such th at the 
beam i s  v e r t ic a l ly  p o la r ized . The plasma tube i s  f i l l e d  w ith . 65torr o f  
argon and a current o f  from 15 to  43Amp i s  driven through the gas by up 
to  300V olts. In order to  obtain high current d en sity  the plasma tube i s  
sm all in  diam eter (approx. 3mm) and a magnetic f i e ld  i s  used to  pinch  
the d ischarge. The output beam is  3mm in  diam eter and has a divergence  
o f  severa l m il l ir a d ia n s . The la s e r  i s  capable o f  d e liv er in g  over 2 Watts 
of continuous power from the 4880% l in e  o f argon, but in  th is  work power 
was kept to  1 Watt or le s s  in  order to  in crease  the l ife t im e  o f  the d is ­
charge tube.
S ince the la se r  w i l l  operate on more than one em ission l in e  o f  io n ­
iz ed  argon the la se r  i s  equipped w ith a prism at one end o f the ca v ity  
which can be ro ta ted  to  s e le c t  the d esired  output. Figure 4 .1  shows the  









Figure 4 .1  Argon Ion Laser
4 .1  S ca tter in g  C ells  and Cooler
Two types o f  sc a tte r in g  c e l l s  were used. The sim pler o f  the two i s  
a p a ra lle lep ip ed  quartz c e l l  as shown in  Figure 4 .2 . This c e l l  was used 
fo r  the comparison o f liq u id  H2 O sca tter in g  cross se c t io n  w ith th a t o f  
benzene. I t  was supported by a s lo t t e d  p iece  o f 3 /4 ” aluminum p la te  so 
th at the c e l l  could be removed to  change i t s  contents and then be re ­
p laced  w ithout d istu rb in g  the o p t ic a l alignm ent. A lens was used to
mm
to  spectrom eter
.— 5cm f . l .  le n s  
la se r  beam
F igu re  4 .2 Q uartz Raman C ell
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focus the la se r  beam to  in crease  the power d en sity  and a lso  the coupling  
to  the spectrom eter. This c e l l  can be used only fo r  liq u id s  s in ce  i t  i s  
constructed  w ith p la te s  o f quartz attached at the edges w ith a r ig id  
epoxy. I f  one attempted to  freeze  water in  th is  c e l l  i t  would break.
The c e l l  used to  study ic e  Ih was made to  allow  fo r  the expansion 
o f the water upon freez in g . This was achieved by using a Thermogrip 
glue-gun ap p lica tor  to  fa s ten  s ix  p ie c es  o f Im m -thick-glass at the edges 
to  form a p a r a lle le p ip e d . The thermal g lue used allowed the c e l l  to  ex­
pand without cracking the g la ss  p la t e s ,  s in ce  the g lue provides a leak -  
proof s e a l which i s  somewhat p l ia b le .  The c e l l  was f i l l e d  1/2 f u l l  w ith  
d i s t i l l e d  water and then frozen w ith the arrangement shown below. With 




(on fr e e z e r  s h e lf  o f r e fr ig e r a to r )
Figure 4 .3  C ell For Ice Ih Raman S ca tter in g
and in most cases leaves a region o f  c le a r , b u b b le-free  ic e  Ih next to  
the c e l l  w a ll. The c e l l , a f t e r  fr e e z in g , i s  p laced  in a v a r ia b le  temper­
ature coo ler  which holds the c e l l  in  the la se r  beam and keeps fr o s t  from
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being deposited  on the c e l l  su rfa ces . Figure 4 .4  shows the c e l l  and 
co o ler  arrangement. The coo ler  i s  made o f 1/2" sh eet styrofoam and i s  
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Figure 4 .4  V ariable Temperature Cooler
Passing current through a c o i l  o f  n i chrome wire immersed in the liq u id  
n itrogen  g ives a v a r ia b le  flow  from the dewar and thus the temperature 
in s id e  the co o ler  can be c o n tr o lle d . The coo ler  was used fo r  tempera­
tures between -3°C and -SO°C, and in  th is  temperature range no d ep osits  
of m oisture occurred on any o f the double windows o f the coo ler  or on 
the su rfaces o f  the c e l l .
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4.2 Spectrom eter
The instrument used fo r  sp e c tra l an a ly sis  was a Spex model 1401 
3 /4  meter Czemy-Tumer double spectrom eter. This spectrom eter i s  e s ­
p e c ia l ly  su ite d  to  Raman spectroscopy sin ce  i t  i s  a double d isp ersion  
device and thus allow s weak l in e s  ly in g  c lo se  to  a strong la s e r  pump 
l in e  to  be measured. The spectrom eter employs two 1200 groove/mm g r a t­
ings which are turned sim ultaneously  through a linkage which compensates 
fo r  tracking error. The res id u a l tracking error between the two gratin gs  
i s  ±0 .lX  . Figure 4 .5  shows the o p t ica l arrangement o f the Spex double 
spectrom eter.
E x it S l i t  r p
Linkage
Input S l i t
F igu re  4 .5  Spex 1401 S pectrom eter
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The spectrom eter was used in  th is  work as a double spectrom eter  
although i t  can be used as a s in g le  spectrom eter by swinging away mirror 
3. Table 4 .1  g iv es  a summary o f the Spex 1401 s p e c if ic a t io n s .
Table 4 .1  S p e c if ic a tio n s  o f  the Spex 1401
Focal length  750 mm
Aperture f / 6 .8
Grating s iz e  102 X 102 mm
Grating ru lin gs 1200 groove/mm
Wavelength range .1 8 -1 .5  pm
R esolu tion  at 6328a
H alf-w idth 0.08%
1/10-w idth , 0.2%
S cattered  l ig h t  ^
10% from 632 8% I / I  : 10]:L
>100% from 6328% " 10
Wavelength over 6000%
Counter accuracy 1%
R ep ea ta b ility  0.2%
R ead ab ility  0.1%
Instrum ental accuracy 0.2%
Figures 4 .6  and 4 .7  show the sp ec tra l bandwidth per pm o f  s l i t  
width as a fu n ction  o f  sp a t ia l  frequency and th e to t a l  quantum e f f i c i e n ­
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Figure 4 .6  S p ectra l Bandwidth o f Spex 1401
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F igu re  4 .7  Quantum E f f ic ie n c y  o f Spectrom eter P lus P h o to m u ltip lie r
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4 .3  P h o to e lec tr ic  D etector and E lectro n ics
The d etector  used was an EMI 9781B p h otom u ltip lier  which was 
attached behind the e x it  s l i t  o f the Spex 1401. The p h otom u ltip lier  
was operated at 750Volts fo r  a l l  o f the experim ental work. The output 
o f the p h otom u ltip lier  was fed to  a Canberra p ream p lifier  and in to  a 
Canberra a m p lifier . The s ig n a l from th e am p lifier  was put through a 
Canberra s in g le  channel analyzer which elim inated  p u lses  o f  below 2V olts 
and above BVolts. The s in g le  channel analyzer output was u t i l i z e d  in  
two ways. I t  was used as input fo r  an A/D converter fo r  d ig i t a l  readout 
and paper-tape punch and a lso  fo r  the input o f a Canberra lin e a r  ra te -  
meter whose output was recorded on chart paper. The A/D converter was 
used in  a mode such th at i t  counted p u lses  from the s in g le  channel 
analyzer fo r  1 second, and then th is  number was p r in ted  and punched on 
paper tape by the te le ty p e . When an analog output was d esired  the ap­
p rop ria te  time constant fo r  a given  scan rate  could be s e t  in  the lin e a r  
rate  m eter. In most cases a time constant o f .5 second was used.
4 .4  System as a Whole
Figure 4 .8  shows an o v e ra ll view o f the experim ental arrangement 
w ith a l l  o f i t s  components. The la se r  output i s  h o r izo n ta l and a 90° 
prism i s  used to r e f le c t  the beam v e r t ic a l ly  upward through a lens with  
a fo c a l length  o f  5cm. The fo c a l p o in t o f  the lens i s  made to  l i e  in  the  
center o f  the sc a tte r in g  c e l l .  S ince the la se r  beam i s  only 3mm in  diam­
e te r  the depth o f focus i s  such th a t a r e la t iv e ly  narrow lin e  i s  ob ta in ­
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i s  e a s i ly  coupled to  the spectrom eter by o p tics  which match the r e c e iv ­
ing cone o f the spectrom eter ( f / 6 .8 ) .  The l ig h t  which does not undergo 
sc a tte r in g  i s  propagated out o f the c e ll(a n d  a lso  the coo ler  i f  i t  i s  
being u sed ). The arrows normal to  the beam show i t s  p o la r iz a tio n .
T-1561 27
Section  5 EXPERIMENTAL RESULTS
5 .0  Laser Output Power S t a b i l i t y  Measurement
The measurement o f sc a tte r in g  in te n s ity  r a tio s  i s  very dependent 
upon having a s ta b le  la ser  power output over the period  o f measurement 
^ d  knowing the r e la t iv e  powers fo r  two periods o f  measurement. A s e t  
o f 20 power measurements was made over a period  o f 20 minutes using a 
Coherent Radiation Laboratory model 201 power m eter. The temperature 
o f the la se r  was allowed to  s t a b i l i z e  fo r  one hour and the output was 
maximized by alignment o f the wavelength s e le c t in g  prism . The r a d i­
ation  in c id en t on the power meter was 785 mW and showed a maximum 
d ev ia tion  o f ± 5 mW. The quoted o v era ll accuracy o f  the power meter 
i s  ± 5%, but th is  i s  fo r  an absolu te power measurement and does not 
r e f le c t  the accuracy o f  the meter when only a r e la t iv e  measurement 
i s  d esired . I t  was found that the meter (1 w att f u l l  sc a le )  shows a 
zero d r if t  o f ± .2% which i s  comparable to  the accuracy in  reading  
the meter. With the above measured accuracy o f ± .6% in  la se r  power 
and ± .4% in  meter accuracy, i t  i s  reasonable to  assume th a t the 
absolute power s t a b i l i t y  o f the la se r  over a 20 minute period  i s  ± 1%.
5 .1  Scans Made From -4000 cm  ̂ to  +4000 cm  ̂ In Ice Ih
_ 2
The region o f  in te r e s t  in  th is  work was from -4000 cm to  
+4000 cm  ̂ from the pump lin e  at 4880 X. The input and output s l i t s  
o f  the spectrom eter were both s e t  at 100pm which at -4000 cm~  ̂ g iv es
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a reso lu tio n  o f 3 .5  cm  ̂ and at +4000 cm  ̂ a r eso lu tio n  o f 1 .5  cm ^.
This reso lu tio n  i s  grea ter  than the width o f  any o f  the bands o f
in te r e s t  and thus w i l l  g ive  u n d istorted  lin e  shapes. The scan speed  
-1was 50 cm /  min. and a time constant o f .5 sec . was s e t  in  the  
lin e a r  rate  meter. Table 5 .1  shows the center o f  Stokes and a n ti-  
Stokes bands which were observed in  ic e  Ih. The correspondence between 
Stokes and an ti-S tok es bands in fe r s  th at the same tr a n s it io n  i s  
resp on sib le  for  a S tok es, a n ti-S tok es p a ir . I t  can be seen th at good 
agreement e x is t s  on ly  fo r  the ± 2 1 2  cm”  ̂ band cen ter and the other  
p a irs  do not agree th at w e ll .  This disagreement i s  in  part due to  
the fa c t  th at determining the exact center o f  a band i s  d i f f i c u l t  
s in ce  each band may be made up o f  separate bands and th ese  may have 
d if fe r e n t Stokes to  an ti-S tok es in te n s ity  r a t io s ,  thus s h if t in g  the 
composite band peak.
Table 5 .1
Observed Band Centers in  Ice  Ih from 
Av = -4000cm"l to  Av = +4000cm"̂
Stokes A nti-Stokes
2 2 .9cm 
4 0 .4cm 







- 49.6cm  ̂
-212.5cm "l
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A very broad band or number o f composite bands was observed  
between 500 cm~  ̂ and 2600 cm”^. This band was sev era l orders o f  
magnitude le s s  in ten se  than the bands at 3200 cm ^.
A problem encountered when observing very low in te n s ity  bands 
was the d e tec tio n  o f d isc r e te  n o n -la sin g  em ission lin e s  o f  argon. 
This problem was overcome by b locking the la s e r 's  c a v ity  in  a way to  
stop  la s in g  but s t i l l  allow  the flu orescen ce  from the la se r  to  be 
d etected . When th is  was done, a scan was made and the n on -lasin g
I
em ission lin e s  were accounted fo r  and thus could be ignored when 
analyzing the Raman sp ectra .
Figures 5 .1  and 5 .2  show the analog output fo r  the scans 
-300 cm  ̂ to  + 350 cm and 2900 cm  ̂ to  3500 cm  ̂ fo r  ic e  Ih.
The two d if fe r e n t  fig u res  have no re la t io n sh ip  as fa r  as in te n s ity  
i s  concerned s in ce  the scan o f 2900 cm  ̂ to  3500 cm  ̂ shows a 
band o f much g rea ter  in te n s ity  than those which are shown in  the
other scan . As w i l l  be shown la te r ,  the in te n s ity  a t + 212 cm  ̂ i s
2 -1 10 tim es th at at - 212 cm and th u s, in order to  show the bands
at + 50 cm  ̂ and - 50 cm the band at + 212 cm  ̂ i s  n e c e s sa r ily
o f f  s c a le  as i s  the Rayleigh s c a tte r in g  from the pump l in e .
5 .2  Ice Ih Stokes to  A nti-Stokes In te n s ity  Ratio Versus Temperature 
For ± 212 cm  ̂ Bands
With the observation  o f an ti-S tok es lin e s  as d iscu ssed  p rev io u sly



















































an ti-S tok es in te n s ity  r a tio  as a fu nction  o f temperature fo r  the 
stro n g est p a ir  o f bands. The stro n g est p a ir  i s  th at which corresponds 
to  a s h i f t  o f 212 cm ^.
As in  a l l  other work w ith ic e  Ih , the ic e  c e l l  and c o o ler , 
described in the sec tio n  on experim ental s e t  up, were used. In add­
i t i o n ,  a YSI p r e c is io n  therm istor was embedded in  the ic e  when frozen . 
The therm istor was 1 cm from the region pumped by the la se r  beam and 
was used to  monitor the temperature o f  the ic e .  Since the th erm istor  
was not s itu a te d  d ir e c t ly  in  the beam but 1 cm away, a heat flow  
ca lcu la tio n  was made (Appendix I) which showed the maximum d ev ia tion  
in  temperature from the beam to  the therm istor to  be - .27°C. This 
d ifferen ce  i s  le s s  than the accuracy p o ss ib le  w ith the th erm istor , 
which i s  ± 1°C at - 50°C and ± .3°C at - 3°C. The assumption was 
made th at the therm istor accuracy coupled w ith the accuracy o f  measur­
ing i t s  r e s is ta n c e  w ith a vacuum tube v o lt  meter was ± 1°C over the  
range - 3°C to  - 50°C.
The r a tio  measurements were made fo r  ten d if fe r e n t temperatures 
between and including - 3°C and - 50°C. In each measurement the band 
at - 212 cm  ̂ was scanned f i r s t ,  and then the band at + 212 cm ^.
The data were d ig it iz e d  and then p r in ted  and punched on paper tap e.
An i n i t i a l  smoothing o f the data was made by a three point s l id in g  
average and then the data were p lo t te d  and the in t e n s i t ie s  o f  the 
band peaks were determined. Table 5 .2  shows the peak r a t io s  fo r  the
t  ■ ■ ■
separate runs. Figure 5 .3  shows S to k es/a n ti-S to k es  r a t io  o f the
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Figure 5 .3  S tok es/A n ti-S tok es Ratio 
o f  212cm"̂  Band Versus Temperature
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212 cm~  ̂ band. Rectangles show th e lim its  o f  the experim ental error. 
The inner rectan g le  shows u n certa in ty  in  determining peak in t e n s i t ie s  
and the outer rectan g le  represents to ta l  experim ental error a fte r  
adding a - 1% un certa in ty  due to  la ser  power f lu c tu a tio n s . A b est f i t  
to  a s tr a ig h t  l in e  was ca lcu la ted  from the experim ental data (Appendix 
I I ) ,  and y ie ld ed  an in tercep t o f 59 .5  at 0°C and a s lop e  o f - 2.41  
I .R .U ./°C  (I.R .U .  ̂ in t e n s ity  r a t io  u n it s ) .
There were no measurements made o f the in te n s ity  r a tio  fo r  the  
bands c lo se  to  ± 50 cm ^. The in t e n s i t ie s  appear to  be comparable 
and th is  would be reasonable s in c e  the l in e s  are c lo se  to  the pump 
l in e  and th ese  correspond to  two energy le v e ls  which have a sm all 
sep aration . Having a sm all energy d iffe re n c e  the upper le v e l  should  
have about the same population  as the lower energy le v e l  and thus 
the Stokes and an ti-S tok es Raman sc a tte r in g  processes are about 
eq u ally  probable. The in t e n s i t ie s  are too sm all fo r  th ese  bands 
to  be of use in  remote sen sin g .
5 .3  R e la tiv e  S ca tter in g  Cross Section  Measurements
The fo llow in g  measurements were a l l  made w ith the same la se r  
p o la r iz a tio n . The p o la r iz a tio n  was h o r iz o n ta l, and normal to  the  
o p t ic a l ax is which ran from the s c a tte r in g  c e l l  to  the s l i t s  o f  the 
spectrom eter. This p o la r iz a tio n  causes maximum sca tter in g  in  the 
d irec tio n  o f the s l i t s .
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5 .3 .1  Band Ratio: Ice  Ih (+ 212 cm )̂ /  ( -  212 cm
The measurements o f  r e la t iv e  peak in t e n s i t ie s  for  the ± 212 cm ^
bands s u f f ic e  to  g ive  the to t a l  d if f e r e n t ia l  cross sec tio n  r a t io  of
the two. This can be done because i f  both bands are norm alized to  the
same sc a le  the lin e  shapes are id e n t ic a l fo r  th is  S tokes-A n ti-S tokes  
p a ir . S ince the quantum e f f ic ie n c y  o f the spectrom eter p lu s photo­
m u ltip lie r  i s  constant from - 212 cm  ̂ to  + 212 cm~^, no correction  
due to  th is  fa c to r  i s  needed. One can see from Figure 5 .3  th at
the to t a l  d if f e r e n t ia l  sca tter in g  cross sec tio n  o f the ic e  Ih band at
-1  2 -1+ 212 cm i s  on the order o f 10 tim es th at at - 212 cm” and i s
temperature dependent.
5 .3 .2  Band R atio: Ice Ih (+ 212 cm /  (2800 cm  ̂ to  3700 cm
Almost a l l  o f the l ig h t  which undergoes Raman sc a tte r in g  in  ic e  
Ih i s  p resen t in  the broad band 2800 cm  ̂ to  3700 cm  ̂ from the la ser  
l in e .  In order to  make a m eaningful comparison between the sca tter in g  
in te n s ity  o f th is  broad band to  th a t o f the band at + 212 cm the 
areas under the curves which represent the to t a l  d if f e r e n t ia l  cross  
sec tio n s  must be measured. Since the two bands are separated by about 
3000 cm”  ̂ a correction  o f  the areas must be made to  account fo r  changes 
in  the quantum e f f ic ie n c y  o f the spectrom eter (se c tio n  4) which i s  a 
fu nction  o f sp ectra l region  and s l i t  width. In order to  compensate for  
the change in  bandwidth the s l i t  width on both input and output s l i t s
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was changed for the scans in  d if fe r e n t  reg ion s. When scanning over 
the 212 cm  ̂ band, the input and output s l i t s  were s e t  at 5 0 u m,
When scanning the 2800 cm"  ̂ to  3700 cm  ̂ band they were s e t  at 72pm. 
These s l i t  widths when m u ltip lied  by the sp ec tra l bandwidth fa c to r  
fo r  the resp ec tiv e  regions both g iv e  a sp ec tra l bandwidth o f 1 .15 cm ^.
Table 5 .3  shows the measured areas under the curves and the  
corrected  areas. The areas were corrected  by adding the area in  
in te r v a ls  o f  150 cm  ̂ (fo r  th e 2800 cm  ̂ to  3700 cm and co rrectin g  
these areas by d iv id in g  by the average quantum e f f ic ie n c y  in  the  
p a r tic u la r  in te r v a l. In the case o f the band at + 212 cm  ̂ the area 
was measured under the curve from + 100 cm  ̂ to  375 cm  ̂ and d iv ided  
by the average value o f quantum e f f ic ie n c y  fo r  the in te r v a l.
Table 5 .3  S ca tter in g  Ratio Data fo r  Ice Ih Bands
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The to t a l  corrected  area o f 1282.3 ± 11.6 was d iv ided  by 100.7 ± 1 .6  
to  get 12.73 ± .22 which i s  the r e la t iv e  r a tio  o f the to t a l  d i f f e r ­
e n t ia l  cross se c t io n s  at the 2800 cm  ̂ to  3700 cm  ̂ band and the 
100 - 375 cm  ̂ band.
5 .3 .3  Band R atio: (Ice  Ih at 3200 cm /(L iq u id  H2 O at 3400 cm
The in ten se  band which occurs in  ic e  Ih between 2800 cm  ̂ and
-1  -1 3700 cm has a corresponding band in  liq u id  Ĥ O between 2800 cm
and 3700 cm ^. This band in  water has been e x te n s iv e ly  stu d ied  by
G. E. Walrafen (1967) to  determine temperature e f f e c t s  on water
stru c tu re . Figure 5 .4  i s  an analog output showing a scan o f th is
band in  water.
In order to  obtain a r a tio  o f to t a l  d if f e r e n t ia l  cross sec tio n s  
between th is  band in ic e  Ih and liq u id  Ĥ O th e experim ental arrange­
ment was such th at the o p tic a l alignment was not d isturbed  between 
measurements. This was accomplished by making the measurement on 
ic e  Ih , then warming the sample to  allow  the ic e  to  melt and 
making a scan over the band in  liq u id  HgO. As was done fo r  the 
comparison between the + 212 cm  ̂ and the 2800 cm  ̂ to  3700 cm  ̂
bands in  ic e  Ih , the areas under the curves fo r  th ese  bands in  ic e  
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Table 5 .4  S ca tter in g  Ratio Data For Ice Ih to  Liquid Ĥ O







5 .0 -  .5
2 5 .5 - . 8  
55.0^1.0  
71.0*1.2  
34.0* . 8  
8 .5 * 1 .3
Average Quantum E ff. 








21 .5*2 .2  
95 .5*3 .2  
183.3*3 .7  
213 .2*4 .1  
9 2 .6 * 2 .3  
20 .5*3 .1  
626 .6*7 .8
3700-3550 25.0* . 8 .233*.003 107.3*3.6
3550-3400 73 .0*1 .2 .267*.003 273 .4*5 .3
3400-3250 96 .0*1 .5 .300*.003 320.0*5.9
3250-3100 73.0*1.2 .333*.003 219 .2*4 .0
3100-2950 29.5* . 8 .367*.003 80 .4*2 .3
2950-2800 13.5* . 6 .415*.003 32 .5 * 1 .4
T otal area = 1032.8*10.0
The to t a l  areas above have only been corrected  fo r  quantum 
e f f ic ie n c y  and s t i l l  need to  be corrected  fo r  d en sity  and the change 
in s o l id  angle through which sca tter in g  i s  being measured.
The change in  the s o l id  angle o f observation i s  due to  the fa c t  th at 
ic e  Ih has an index o f r e fra c tio n  o f 1 .3 1 , (Eisenberg and Kauzmann 
1969), and liq u id  Ĥ O a r e fr a c t iv e  index o f 1 .33 . Increasing the 
to t a l  area of the liq u id  H2 O curve by 3.4% compensates fo r  the 
change in  r e fr a c t iv e  index (Appendix 111). A correction  must a lso  be
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made fo r  the d ifferen ce  in  the d en sity  o f ic e  Ih and liq u id  Ĥ O because 
th is  w i l l  change the actual number o f m olecules which are in  the
focused la se r  beam. The d en sity  o f ic e  Ih at 0°C (Eisenberg
3 3and Kauzmann, 1969) i s  .9167 g/cm and fo r  liq u id  Ĥ O i s  .9982 g/cm .
The r a t io  o f  the d e n s it ie s :  l iq u id  Ĥ O / i c e  Ih i s  1.09 . Thus,
to  correct fo r  the d en sity  change,the area under the water curve
must be d iv ided  by 1 .0 9 . This y ie ld s  947.5 ± 14.0 and a fte r  correction
fo r  r e fr a c t iv e  index 979.7  ± 14.0  fo r  the area.
From the r a tio  o f the corrected  areas a r e la t iv e  value o f to t a l
d if f e r e n t ia l  Raman sca tter in g  cross sec tio n  can be obtained between
liq u id  Ĥ O and ic e  in  the 2800 cm  ̂ to  3700 cm  ̂ region .
Liquid H_0
Ratio o f Raman sca tter in g  in te n s ity  (2800 to  3700) ice" ih    1.S7±.02
5 .3 .4  Band Ratio: (Liquid Ĥ O 2800 cm~̂  to  3700 cm  ̂ b a n d ) _ i ̂ 2 • at 992 cm )
The r e la t iv e  to t a l  d if f e r e n t ia l  sca tter in g  cross se c t io n  r a tio  
between liq u id  Ĥ O and benzene w i l l  allow  the assignment o f  absolu te  
values fo r  the to t a l  d i f f e r e n t ia l  sca tter in g  cross se c t io n s  o f  the  
Raman bands in  ic e  Ih.
A d ir e c t  measurement o f the peak d if f e r e n t ia l  Raman sc a tte r in g  
cross se c t io n  o f the 992 cm  ̂ l in e  in  benzene has been made by Skinner 
and N ilsen  (1968). Since they used the 4880% lin e  o f  an argon la se r  
fo r  a source and a Spex 7 5 -cm double grating spectrom eter coupled w ith
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an EMI 9558 p h otom u ltip lier  fo r  analyzing the l in e ,  th e ir  r e s u lt s  
could be used d ir e c t ly  in  th is  work.
T heir work y ie ld e d  a value o f  :
-29 2  \1.05 (± 0 .08) X 10 cm per m olecu le, per stera d ia n , per wave-
number o f  lin ew id th , fo r  the peak d if f e r e n t ia l  Raman sc a tte r in g  cross
-1se c tio n  o f the 992 cm lin e  in benzene.
The quartz c e l l  and i t s  holder as described in  the se c t io n  on 
experim ental arrangement were used fo r  the benzene and liq u id  water 
measurements. The benzene used was Baker's analyzed-reagent grade 
benzene and the water used was d i s t i l l e d  and f i l t e r e d  with Whatman 
no. 5 q u a lita t iv e  f i l t e r  paper.
When the benzene lin e  was scanned the input and output s l i t s  
were s e t  at 20 y m g iv in g  a sp ec tra l bandwidth o f  .42 cm ^. This 
sp ec tra l bandwidth was approximated in  the 2800 cm  ̂ to  3700 cm ^
region of liq u id  Ĥ O by s e t t in g  the s l i t s  at 2 7 ym. Since the benzene
-1  -1 l in e  at 992 cm i s  much narrower than the water band from 2800 cm
to  3700 cm  ̂ a chart speed was used fo r  benzene which was 3 .97  times
th at used fo r  w ater. This must be corrected  fo r  when the areas under
the curves are compared. Other fa c to r s  such as r e fr a c t iv e  index,
quantum e f f ic ie n c y ,  m olecular d en sity  and use o f n eu tra l d en sity
f i l t e r s  must a lso  be accounted fo r .
The benzene lin e  as redrawn in  Figure^ 5 .5  can be f i t t e d  by the
-1cross hatched area. This area i s  3 .48 cm wide at the bottom and 
corresponds to  2 .2  u n its  on the graph paper. I t  en c loses 2 8.9 square
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u n its  o f area on the graph. Since the peak d if f e r e n t ia l  sc a tte r in g
cross se c t io n  i s  already known fo r  the l in e ,  the to ta l  d if f e r e n t ia l
sc a tte r in g  cross se c t io n  can be found, (due to  the sim ple geometry
o f the area) by ca lcu la tin g  the average d if f e r e n t ia l  sc a tte r in g  cross
se c t io n  and m u ltip ly in g  i t  by 3 .48  cm This average was found to  be: 
_29 2.737 X  10 cm /m olecu le- Steradian
Figure 5 .5  Benzene lin e  at 992 cm-1
h o r iz o n ta l s c a le  exaggerated
1 8 . 7  u n it s
HCO
2 . 2  u n it s  
3 . 4 8 cm ^
When m u ltip lied  by 3 .48  cm  ̂ the to t a l  d if f e r e n t ia l  sc a tte r in g  cross 
s ec tio n  fo r  th is  area i s :
-29 22 .56  X  10 c m  / m o l e c u l e - s t e r a d i a n .
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The area must now be corrected  to  compare properly w ith the area
3
under the liq u id  Ĥ O Raman band. The d en sity  o f benzene i s  .87903g/cm  
and o f liq u id  Ĥ O at 0°C i s  .99825g/cm^. The gram m olecular w eights 
o f benzene and liq u id  Ĥ O are 78.11g/m ole and 18.02g/m ole r e sp e c t iv e ly .  
Using th ese  values the m olecular number d en sity  o f  liq u id  Ĥ O i s  4.92  
tim es th at o f benzene. S ince the d if f e r e n t ia l  sc a tte r in g  cross se c t io n  
i s  g iven  per m olecule the area must be m u ltip lied  by 4.92 to  compensate 
fo r  the v a r ia tio n  in  the number o f  m olecules in  the focused la se r  beam. 
This g iv e s  an area o f 124.0 square u n its  o f  area. The correction  fo r  
chart speed g iv es  an area o f 31.0 square u n its  o f area.
S in ce the peak o f  the 992 cm  ̂ l in e  o f benzene was so much 
stronger than the in te n s ity  o f  the liq u id  Ĥ O band a n eu tra l d en sity  
f i l t e r  was p laced  in  front o f the entrance s l i t  when scanning the 
benzene l in e .  The f i l t e r  had a 1.76% transm ission in  th is  sp ec tra l 
region and thus the measured area under the curve should be m u ltip lied  
by 56 .8  to  correct fo r  the use o f  th is  f i l t e r .  The area a fte r  th is  
m u ltip lic a t io n  i s  1761 square u n its .
As before^the correction  fo r  quantum e f f ic ie n c y  w i l l  be made by 
d iv id in g  the area by the quantum e f f ic ie n c y  in  th at sp ectra l region  
which fo r  a s h i f t  o f 992cm  ̂ from the pump i s  1.1%. The area i s  thus 
‘changed to  1601 square u n its .
Table 5 .5  shows the areas in  each sp ectra l range fo r  the 2800cm"  ̂
to  3700cm  ̂ band in  liq u id  HgO.
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Table 5 .5  Data fo r  Liquid Ĥ O Band from 2800cm  ̂ to  3700cm"^
Interval(cm  Area Measured Average Quantum E ff. Corrected Area
3700-3550 87 .5±1.4  .233^.003 375.5^ 7.51
+ +3550-3400 2 7 1 .0 -3 .2  .2 6 7 -.0 0 3  1015 -1 6 .6
3400-3250 3 5 4 .0 -4 .0  .30 0 -.0 0 3  1180 -1 7 .7
3250-3100 2 8 1 .0 -3 .3  .3 3 3 -.0 0 3  8 4 3 .8 -1 2 .7
3100-2950 7 7 .0 -1 .2  .36 7 -.0 0 3  209 .8 - 3 .5
2950-2800 8 .0 - . 6  .4 1 5 -.0 0 3  1 9 .3 - 2 .6
Sum = 3643 -29
Before a true comparison can be made between the benzene and liq u id  
Ĥ O s c a t te r in g ja  correction  fo r  the d ifferen ce  in  r e fr a c t iv e  index must 
be made. The r e fr a c tiv e  index w i l l  a f fe c t  the s o l id  angle through which 
sc a tte r in g  w i l l  take p lace  and a lso  w i l l  a f fe c t  the p o s it io n  o f  the  
fo c a l p o in t w ith in  the c e l l .  The fo c a l p o in t change was found to  be neg­
l ig ib le  when the fo c a l spot s iz e  and depth o f focus were considered  
(Appendix IV ). The s o l id  angle correction  i s  made by d iv id in g  the area 
under the liq u id  Ĥ O curve by 1.29* .02 (Appendix V) which y ie ld s  
2824* 141.
The r a t io  o f the area under th is  liq u id  Ĥ O band to  th a t under the  
benzene lin e  at 992cm~  ̂ i s :
i s ï f # =  •
Since the area which was measured under the benzene band cor­
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responds to  a t o t a l  d if fe r e n t ia l  Raman sca tter in g  cross se c t io n  of:
- 2 Q  22 .56 (± .10 ) X 10 cm /m olecu le-sterad ian  
the area under the liq u id  Ĥ O band from 2800cm ^to 3700cm ^corresponds
to :
- 2 Q  24 .5 1 (± .3 4 ) X 10 cm /m olecu le-sterad ian .
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S ection  6  DISCUSSION OF RESULTS
The previous work by others in  id e n t ify in g  the Raman bands o f ic e  
Ih has been compiled up to  September 1957 by Ockman (1958), and work 
sin ce  then was by Taylor and Whalley (1963). Table 6 .1  shows the r e s u lt s  
o f work which has been done in determ ining band-centers(cm  ^) o f Raman 
bands in  ic e  Ih. I t  should be noted th at the s ix  bands, four o f  which 
are an ti-S tok es bands, w ith lower s p a t ia l frequencies than 54.1cm  ̂
have not been p rev io u sly  observed elsew here.
The d iscu ssio n  o f  the temperature dependence o f  the Stokes to  a n ti-  
Stokes in te n s ity  r a t io  i s  contained in  the sec tio n  on experim ental 
r e s u lt s  and w i l l  not be d iscussed  fu rth er  h ere.
Using the 992cm  ̂ l in e  o f benzene as a standard the to t a l  d if fe r e n ­
t i a l  Raman sca tter in g  cross se c tio n  o f  liq u id  H2 O in the 2800cm  ̂ to
3700cm  ̂ band was found to  be
-29 24 .5 1 (± .3 4 ) X 10 cm /m olecu le-sterad ian .
The r a t io s  o f sc a tte r in g  in t e n s it ie s  which were measured and the  
r esu lta n t to t a l  d if f e r e n t ia l  sc a tte r in g  cross sec tio n s  which were c a l­
cu lated  from th e ir  r a t io s  are shown below.
Liquid H 0(2800-3700) Ice  Ih (2800-3700) ,
Ice  Ih(2800-3700)  ̂ 1 .57±.02 Ice Ih (100-375)
Ice Ih (100-375)
Ice  Ih (-100 to-375)
-29
=  100
Ice Ih (2800-3700) 2 .8 7 (± .2 2 ) X 10
Ice  Ih (100-375) 2 .2 6 (± .1 0 ) X lO'^O





Table 6 .1  Raman Bands Observed in I je  Ih 
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S ection  7 APPLICATIONS TO ATMOSPHERIC REMOTE SENSING
The use o f  la s e r  Raman s c a tte r in g  fo r  remote sen sin g  o f the atmos­
phere has shown great promise in  recen t years. I t s  great u t i l i t y  l i e s  
in  the fa c t  th at each atmospheric co n stitu en t e x h ib its  i t s  own character­
i s t i c  Raman spectrum and thus one i s  able to  d is t in g u ish  between d i f f e r ­
ent types o f  s c a t te r e r s . The drawback in  using Raman sc a tte r in g  for  
atm ospheric s tu d ies  i s ,  as p rev io u sly  d iscu ssed , the very low in ten -  
s i ty .
Due to  the fa c t  th at the Raman e f f e c t  i s  so weak, i t s  use as a re ­
mote sen sin g  to o l up t i l l  now has been g en era lly  lim ited  to  the major 
atm ospheric co n stitu en ts  such as N2  and 0^. I t  has been experim en tally  
v e r if ie d  th at the N2  Raman sc a tte r in g  can be used to  obtain a 
temperature p r o f i le  using a b a ck sca tter  lid a r  ( la s e r  radar) system . A 
lid a r  system c o n s is ts  o f a la ser  tran sm itter  and te le sco p e  rece iv er  
w ith  p h o to e le c tr ic  d e tec tio n . The fo llow in g  i s  a graph o f ca lcu la ted  
maximum range versus s ig n a l- to -n o is e  r a tio  fo r  atmospheric N2  (Derr and 
S lu sh er , 1972). The value AT i s  the p r e c is io n  which can be expected for  
an absolute temperature measurement, using th is  h y p oth etica l system .
The use o f Raman sc a tte r in g  to  d etec t liq u id  and s o l id  phase ( ic e  
Ih) H2 O in  the atmosphere has m erit under certa in  circum stances which 
would provide fo r  great enough p a r t ic le  d e n s it ie s .  Conditions which 
p r e v a il during snow storm s, h a il  storm s, e tc .  should supply ample 
s c a tte r e r s  to  provide a d etec ta b le  Raman return. The temperature depen­
dent r a t io  o f Stokes to  A nti-Stokes Raman sc a tte r in g  in ic e  Ih could
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Figure 7 .1  Temperature Measurements Using Raman 












Energy per p u lse  (J o u les) 10 
T elescope Diameter (Metei. ) 3 .05
Telescope Beamwidth FWHM (M illira d ia n s)
2 .85
F i l t e r  Bandwidth (Angstroms) 10 
In teg ra tio n  Time (See) 10
Range Increment Min Length (M eters) SO
Rep Rate (PPS) 1 
Instrument Transm ission * 6 3
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p o ss ib ly  be used to  provide temperature p r o f i le s  in  atm ospheric events 
in vo lv in g  ic e  Ih even though the anti-S tokes sc a tte r in g  i s  so weak.
Although the measurements of the strong Raman bands in  liq u id  Ĥ O 
and ic e  Ih were made over the same region (2800cm~^ to  3700cm~^) the 
two bands peak at d is t in c t  wavenumbers w ith in  th is  region . The liq u id  
H2 O has a peak at 3225cm  ̂ whereas ic e  Ih has a major peak at 3142cm~^. 
A lid a r  system capable o f measuring the r e la t iv e  Raman sc a tte r in g  in ten ­
s i t i e s  a t th ese  two peaks would provide a liq u id  H2 O to  ic e  Ih r a tio  
which would be very valuable in  atmospheric s tu d ie s .
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Appendix I
Heat Flow From Focused Laser Beam in  Ice  Ih
The problem which e x is te d  when doing the temperature dependent 
r a t io  measurements on ic e  Ih was the in a b i l i ty  to  p la ce  the therm istor  
d ir e c t ly  in  the ic e  Ih being pumped by the la se r . In order to  obtain  
at le a s t  an order o f magnitude value fo r  the temperature gradient 
between the la se r  beam and the therm istor a measurement o f absorption  
of the 488oS la se r  l in e  by the ic e  Ih was made, and th is  value was 
used to  ca lcu la te  the grad ient.
The absoip tion  experim ental arrangement i s  shown below.
Figure I . 1 Absorption o f Laser Beam 
by Ice Ih
la s e r  beam
4880#
ic e  Ih
power meter
The la s e r  power was measured w ith and w ithout the c e l l  in  the la se r  
beam. Without the c e l l  the power measured 645 mW and w ith 5 30 mW.
This y ie ld s  a lo s s  o f  17.8% which i s  due to  th ree th in g s . The 
major lo s s  i s  due to  a 4% r e f le c t io n  lo ss  at each o f  four a ir -  
g la ss  and g la s s - ic e  in te r fa c e s , thus 16% i s  lo s t  to  re flec tio n s*  This 
leaves 1 . 8 % lo ss  which can be accounted fo r  by a combination o f
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sc a tte r in g  w ith in  the ic e  and absorption . S ince i t  i s  d es ira b le  to  
know the maximum e f f e c t  absorption can have on the ic e  Ih temperature 
i t  w i l l  be assumed th a t th is  1 . 8 % lo ss  i s  due e n t ir e ly  to  absorption.
I t  has been assumed th a t the ic e  c e l l  i s  2 .54  cm th ick  normal to  
the la se r  beam and i s  in f in i t e  in i t s  other dim ensions. This i s  a 
reasonable assumption s in ce  the c e l l  i s  being con stan tly  cooled  by 
cold  and thus reaches thermal equilibrium .
The heat flow  equation i s  given as
■^ = - KA dT /d r(in  any book on h eat tr a n s fe r ) ,
where K i s  the thermal co n d u ctiv ity  which fo r  ic e  Ih i s  . 0209Watts-cm/ 
cm^-C^. In th is  case dQ/dt i s  11.6 mW and A = 27rrL where L i s  2.54cm  
and r i s  the d istan ce  from the center o f  the la se r  beam. I t  i s  assumed 
th at the la s e r  beam has a diam eter o f 10 p m in  the ic e  Ih c e l l  and 
the power i s  d is tr ib u te d  uniform ly. The therm istor, as in  the actual 
experim ent, i s  assumed to  be 1  cm from the la se r  beam.
S u b stitu tio n  y ie ld s  the fo llow in g  r e la t io n .
11.6 mW = - (.0209 W-cm/cm^-C°) 2wrL dT/dr 
This equation can be so lved  by separating v a r ia b les  and in teg ra tin g .
y  ° d T ______________ -(-0116 w)__________________ ^
h  (.0209 W-cm/cm^-°C) (2tt) (2.54cm) ^
T . - T. = AT = - .034 °C In (r  / r . )
U 1 0 1
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= . 0 1 mm
Tq = 2 5 .4  mm
•%AT = (- .034°C) (7 .8 ) = -.265°C
This shows th a t the maximum d ev ia tio n  in  temperature o f the ic e  
due to  absorption o f the la se r  beam i s  +.265^C fo r  a beam 10 p m 
in  diam eter. When the beam g e ts  larger  In (r^/r^) g e ts  sm aller and 
thus the d ev ia tion  i s  l e s s .  As th e beam g e ts  sm aller  the d ev ia tion  




Best F it  o f a S tra igh t Line Y. Beers (1953)
The equation o f a s tr a ig h t  lin e  i s  given in  two dimensions as:
y = a + bx,
where a i s  the y - in te r c e p t and b i s  the slop e o f the l in e .  I f  k p o in ts ,
each o f  which corresponds to a value o f x and a value o f y , are a v a ila b le
a s tr a ig h t lin e  can be f i t t e d  to  th ese  p o in ts  which minimizes the sum
o f the squares o f the d ev ia tion s o f th ese  p o in ts .
Assuming th at the values o f  x are exact ( th is  method i s  dependent 
on t h is  assumption) the d ev ia tion  in  the n^^ value o f y i s :
2 2 2 2 2 Squaring g iv e s  ( 6 y ) = y ^ + a + b x  - 2a y + 2abx - 2bx yn n n n n n n
The sum o f  the squares o f  the d ev ia tion s is ;
Minimizing with respect' to  a and b g iv es:
9 1̂ 22 = 2Ka - 2 ^ y ^  + 2b 2 2 x^ = 0 ,
9a
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and I^C^Xn) = 2 b + 2 a H x ^  - 2  = O'
9b
Solv ing  sim ultaneously  g ives
.2
a =-
T . \ ' L \ - T . \ T , c \ y r ?
and:
b = - E \ T , r n
In the case considered the fo llow in g  values were obtained:
k = 1 0 Z / n  == 1099.1 = 6661
Z ( V n ^  = 2 8 4 9 4 .5 X = 209.6^  n ( %  = 43932.2
These values were su b stitu te d  in to  the r e la t io n s  fo r  a and b g iv in g :
a = 59.5 b = 2 .41
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Appendix III
C orrection fo r  index o f r e fra c tio n  d ifferen ce  between ic e  Ih and 
liq u id  Ĥ O
The s o l id  angle over which sca tter in g  i s  observed in  th is  ex p eri­
mental arrangement i s  d if fe r e n t  fo r  ic e  Ih and liq u id  Ĥ O due to  the 
d ifferen ce  in  th e ir  r e fr a c t iv e  in d ic e s . The r e fr a c tiv e  index fo r  ic e  
Ih i s  1.310 (Eisenberg and Kauzmann, 1969) and that fo r  liq u id  H2 O i s
1 .334 .
The fo llow in g  diagram shows the o p tic a l arrangement as viewed along 
the ax is o f the la se r  beam.
Fi'gure 111.1 S o lid  Angles o f Observation  
g la s s  p la t e  a ir  
* ^ 1  n 2 =1 . 5 0  n^=1 . 0 0
fo r  w ater « 1 , 3 3 4  ^
3 9 ®20'
f o r  i c e  1 1 ^̂ =1 , 3 1 0
la s e r  beam
2 9 . 2 mm %
not drawn to  s c a le
5mra —À  U -  
1mm — k -
The s o l id  lin e s  show the outer o p tica l path fo r  observing sca tter in g  in  
liq u id  H2 O and the broken lin e s  th at fo r  ic e  Ih . The s o l id  angle corres­
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ponding to  the outer cone w ith apex angle o f 40° i s  1.034 tim es the  
s o l id  angle o f the inner cone. This n e c e s s ita te s  m u ltip ly ing  the  
in te n s ity  observed fo r  sca tter in g  in  water by 1 .034.
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Appendix IV
R efractive  index correction s fo r  b en zen e-liq u id  Ĥ Q sca tter in g  r a tio  
The index o f re fra c tio n  o f  benzene is  1.5132 as taken from the 
"American I n s t itu te  o f Physics Handbook." This i s  s ig n if ic a n t ly  d i f f e r ­
ent from the value o f 1.3330 fo r  liq u id  Ĥ O and thus not only causes 
changes in  s o l id  angle o f  observation but a lso  in  the p o s it io n  o f  the 
fo c a l p o in t o f  the la se r  beam.
The s o l id  angle correction  i s  found to  be 1.29 by the method out­
lin ed  in  Appendix 111. Thus, to  make the correction  the area under the 
liq u id  H2 O band must be d iv ided  by 1 .2 9 . The angles obtained were 39°
20' for  liq u id  H2 O and 35°12' fo r  benzene.
The e f f e c t  o f a change in  fo c a l p o in t must a lso  be considered. I f  
the fo c a l p o in t changes p o s it io n  appreciably the coupling to  the sp ectro ­
meter w i l l  be changed and measurement errors w i l l  occur.
The lens which was used to  focus the la se r  beam had a fo c a l length  
o f  5cm. The la se r  beam was 3mm in  diam eter and as shown below was focused  
in to  the sca tter in g  c e l l .
f lu id :  benzene or Ĥ O
T1.65cm y ̂  55cm
I 1
r : r : i / z=z
fo c a l p o in t: benzene 
fo c a l p o in t: Ĥ O 
quartz(imm th ick )
T
39mm a ir
5cm f . l .  le n s
Figure  IV .1 Focal P o in t V a ria tio n
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From the preceding the d istan ce  which the fo c a l p o in t moves when chang­
in g  from benzene to  liq u id  Ĥ O in  the c e l l  i s  .9mm.
In order to  determine whether th is  change in  fo c a l p o in t a f fe c ts  
the coiqjling in to  the spectrom eter the spot s iz e  at the fo c a l p o in t must 
be ca lcu la ted . To ca lcu la te  the spot s iz e  at the fo c a l p o in t the r e la ­
tio n  given by Marshall (1971) was used.
do = do = focused spot diameter
D = la se r  beam diameter 
A = wavelength  
f  = fo c a l length o f  lens  
This r e la t io n  y ie ld s  do=10pmfor th is  p a r tic u la r  case. Another fa c to r  
which must be considered i s  how th e power d en sity  o f the beam v a r ie s  as 
one g e ts  away from the fo c a l p o in t. This can a lso  be determined by a 
r e la t io n  given by Marshall (1971).
W = W
0 1  + ( - ^ 2 ^^ttWq̂
1/2
W = Waist radius o f beam
° 1
to  ^  in te n s ity  po in t
W = Waist radius a d istan ce  
z from geom etric fo c a l  
poin t
As an example, the radius W ca lcu la ted  at 1mm from the fo c a l p o in t is  
5 .8  times the radius at the fo c a l p o in t. This g ives a power d en sity  
.0286 tim es th at at the fo c a l p o in t.
In the work done on comparing s c a tte r in g  in t e n s i t ie s  o f benzene and 
l iq u id  H2 O the entrance and e x it  s l i t s  were s e t  at le s s  than 30pm. The 
o p tics  which coupled the sca ttered  l ig h t  in to  the spectrom eter m agnified
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the portion  o f beam being observed by four. Figure IV .2 below  
shows the m agnified image o f the beam on the entrance s l i t  o f  the sp ectro ­
m eter.' The v e r t ic a l  and h o r izo n ta l sca le s  are n e c e ssa r ily  d if fe r e n t .
20mm at s l i t  
5mm a t beam
— H I-*—  30 d m
— J L 40 d m
I I 1 0  d
1mm a t beam 
4mm at s l i t
s l i t  width  
a t s l i t
Figure IV .2 Focal P o in t Image at S l i t
Since the power d en sity  drops o f f  rap id ly  as one moves along the  
beam away from the fo c a l po in t a s h i f t  in  the fo c a l p o in t by 1 mm up or 
down w i l l  not a f fe c t  the coupling in to  the spectrom eter u n less  the  
fo c a l p o in t i s  o r ig in a lly  c lo se r  than 1 mm from e ith e r  end o f the s l i t .
Care was taken to  insure th at the fo c a l p o in t image on the s l i t s  was c lo se  
to  the center fo r  th ese measurements and thus th is  problem caused by r e ­
fr a c t iv e  index can be ignored.
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